Hyperactivated motility, a swimming pattern displayed by mammalian sperm in the oviduct around the time of ovulation, is essential to fertilization. Ca 2؉ has been shown to be crucial for the initiation and maintenance of hyperactivated motility. Nevertheless, how Ca 2؉ reaches the axoneme in the core of the flagellum to switch on hyperactivation is unknown. Ca 2؉ -releasing agents were used to determine whether an intracellular store provides Ca 2؉ to the axoneme. Hyperactivation was induced immediately in bull sperm by thapsigargin, caffeine, and thimerosal. The responses were dose-dependent and were induced in both capacitated and uncapacitated sperm. When external Ca 2؉ was buffered below 50 nM with 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid, the response to caffeine was significantly reduced; however, the responses to thapsigargin and thimerosal were not affected. This indicates caffeineinduced hyperactivation depends on external Ca 2؉ influx, whereas hyperactivation by thapsigargin and thimerosal do not. Acrosome reactions were not induced by these treatments; therefore, an acrosomal store was probably not involved. Indirect immunofluorescence labeling showed type I inositol 1,4,5-trisphosphate receptors (IP 3 R) in the acrosome and neck region, but no ryanodine receptors (RyR) were found using anti-RyR antibodies or BODIPY FL-X ryanodine. These data indicate that there is an IP 3 R-gated Ca 2؉ store in the neck region of sperm that regulates hyperactivated motility.
INTRODUCTION
In mammals, fertilization takes place deep inside the female reproductive tract, in the oviduct. Sperm observed at the time of fertilization within the oviduct [1, 2] or after retrieval from the oviduct [3] [4] [5] display hyperactivated motility. This motility is characterized by high amplitude, asymmetrical flagellar bends, and a circular or erratic swimming trajectory [6] . There is a close correlation between the ability of sperm to display hyperactivated motility and the ability of sperm to fertilize zona-intact eggs [7, 8] . There is strong evidence that hyperactivated motility is highly advantageous in vivo for getting sperm to the site of fertilization and penetrating the cumulus matrix and zona pellucida [9] [10] [11] [12] . Apparently, sperm from t haplotype mice fail to fertilize because they hyperactivate prematurely within the female reproductive tract [13, 14] . Therefore, 1 Supported by National Science Foundation grant MCB-9818512 to S.S.S. hyperactivated motility is necessary and must be regulated precisely to achieve fertilization.
Despite the importance of hyperactivation to fertilization, very little is known of the biochemical pathways regulating its expression. Although hyperactivation has been described as a subset of capacitation, which is a sequence of events that enable sperm to undergo the acrosome reaction [6] , the two activities have been demonstrated to occur independently [8] . It is known that extracellular Ca 2ϩ is required to maintain hyperactivation in hamster sperm [15] , and that cytoplasmic Ca 2ϩ concentration within the flagella of hyperactivated sperm is increased [16, 17] . When sperm are treated with Triton X-100 to disrupt plasma and mitochondrial membranes, essentially leaving only the axoneme and cytoskeletal support, they will show the hyperactivated pattern of flagellar beating when ATP and micromolar amounts of Ca 2ϩ are added [18, 19] . The crucial site for the action of Ca 2ϩ is therefore the axoneme in the core of the flagellum [19] . Thus, Ca 2ϩ is a key regulator of hyperactivation, acting directly on the axoneme. Nevertheless, the means by which Ca 2ϩ reaches the axoneme to switch on hyperactivation in intact sperm are still unknown.
Elevation of cytoplasmic Ca 2ϩ concentration can occur by entry of Ca 2ϩ into cells through the plasma membrane or release of Ca 2ϩ from membrane-bounded internal stores. Entry of external Ca 2ϩ can occur through several types of Ca 2ϩ channels: voltage-gated [20] , receptor-linked [21] , store-operated [22] , or cyclic nucleotide-gated [23] . Ca 2ϩ can be released from internal stores via receptor-operated channels. Inositol 1,4,5-trisphosphate receptors (IP 3 R) and ryanodine receptors (RyR) represent the two principal intracellular Ca 2ϩ channels responsible for releasing stored Ca 2ϩ . Both IP 3 R-and RyR-gated stores are reloaded by thapsigargin-sensitive Ca 2ϩ -ATPases [24] .
Sperm flagellar beating initiates at the neck region, the base of the flagellum, and propagates through the midpiece and principal piece of the tail to its end. The axoneme at its origin in the flagellar base is completely surrounded by a redundant nuclear envelope (RNE) and closely associated mitochondria of the proximal midpiece. Structurally, these organelles appear to create an internal cytoplasmic compartment with no immediate, direct access to extracellular Ca 2ϩ . Therefore, we undertook this study to determine whether Ca 2ϩ reaches the axoneme via an internal store in order to switch on hyperactivation.
MATERIALS AND METHODS

Media and Chemicals
A modified Tyrode balanced salt solution (TALP, consisting of 99 mM NaCl, 3.1 mM KCl, 25 mM NaHCO 3 , 0.4 mM NaH 2 PO 4 , 1.1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Hepes, 1 mM pyruvate, 25.4 mM lactate, 50 ng/ml gentamycin, and 6 mg/ml fraction V BSA, pH 7.45, 290-300 mOsm/kg), sterilized through a 0.22-m Nalgene cellulose acetate filter (Nalge Co., Rochester, NY), was used for washing and incubating sperm. TALP was equilibrated in a humidified atmosphere at 39ЊC containing 5% CO 2 before use.
Chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO) with the exception of those noted here. BSA, Hepes, and thapsigargin were from Calbiochem Corporation (La Jolla, CA). Glutaraldehyde, osmium tetroxide (OsO 4 ), sodium cacodylate, uranyl acetate, lead citrate, and Spurr embedding medium were from Electron Microscopy Sciences (Fort Washington, PA). Fluo-3FF/AM was from Teflabs (Austin, TX). Pluronic F-127 and BODIPY FL-X ryanodine were from Molecular Probes (Eugene, OR).
Sperm Preparation
Semen was collected and generously donated by Genex Cooperative, Inc. (Ithaca, NY). Fresh ejaculated bull semen was diluted 1:5 with TALP shortly after collection and transported to the laboratory in a 39ЊC water bath. Sperm were washed free of seminal plasma by centrifuging twice in fresh TALP at 170 ϫ g for 10 min each. Washed sperm were adjusted to 40 ϫ 10 6 /ml in TALP and kept at 39ЊC under 5% CO 2 for the duration of the experiment.
Treatment of Sperm with Pharmacological Agents
Sperm were treated with Ca 2ϩ -releasing agents thapsigargin, caffeine, and thimerosal to determine their effectiveness at inducing hyperactivation. Dose-response curves were first constructed for each pharmacological agent tested: thapsigargin (0-20 M), caffeine (0-10 mM), and thimerosal (0-100 M). To test the effect of removing extracellular Ca 2ϩ , 2 mM extracellular Ca 2ϩ originally present in TALP was buffered below 50 nM by 1:1 addition of 20 mM 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA) in Ca 2ϩ -free TALP (calculated by MaxChelator) [25] , then sperm were treated with 10 M thapsigargin, 2 mM caffeine, 25 M thimerosal, or vehicles (0.04% dimethyl sulfoxide [DMSO] or Ca 2ϩ -free TALP). Thapsigargin was dissolved in DMSO and aliquots were stored frozen at Ϫ20ЊC. The working thapsigargin solution was prepared immediately before addition to the sperm suspension by diluting the stock solution in Ca 2ϩ -free TALP. Caffeine and thimerosal were prepared in Ca 2ϩ -free TALP just before use.
Effects of capacitation on hyperactivation were tested to determine whether induction of hyperactivation might be dependent on the capacitation state. Following the methods used by Galantino-Homer et al. [26] , with some modifications, bull sperm were capacitated in TALP with 100 M 3-isobutyl-1-methylxanthine (IBMX) and 1 mM dibutyryl-cAMP (dbcAMP) for 2.5 h, while control sperm were incubated in TALP alone. Capacitation was tested in preliminary experiments by using lysophosphatidylcholine (LPC) to induce acrosome reactions [27] . After a 2.5-h incubation in capacitating medium, more than 70% of sperm were acrosomereacted after LPC treatment. Sperm samples were treated with pharmacological agents right at the beginning of the 2.5-h incubation (0 h) or at its conclusion (2.5 h). An aliquot of sperm suspension and the tested agent or its solvent were mixed 1:1 on a warm slide and rapidly covered with a coverslip. The slide was videotaped immediately as described below.
Analysis of Motility and Acrosomal State of Sperm
Treated sperm were examined on a 39ЊC stage on a Zeiss Axiovert microscope (Carl Zeiss Inc., Thornbrook, NY). They were videotaped using differential interference contrast (DIC) at 320ϫ magnification. Superimposed on the recorded image was time-date information provided by a videotimer (Model VTG33; For-A Co., Ltd., Newton, MA). A black-andwhite Dage CCD 72 video camera (Dage-MTI, Inc., Michigan City, IN) was used with a Panasonic AG-7300 Super VHS videocassette recorder (Panasonic Industrial Co., Secaucus, NJ). Videotaping of each slide was completed in approximately 2 min. The percentage of hyperactivation was determined from the videotapes by categorizing 200 motile sperm for each treatment. Figure 1 , B and C, illustrates the movement patterns classified as hyperactivated. Figure 1 was obtained by videotaping sperm using 400ϫ DIC combined with stroboscopic illumination (Chadwick-Helmuth Co., El Monte, CA) at 30 Hz. Tracings of sperm were made on clear acetates from the videotapes by following several successive images along with the positions of sperm head/midpiece junctions from individual frames.
The incidence of acrosome reactions was assessed using 640ϫ DIC for videotaping, and 100 motile sperm were categorized as acrosome-intact or acrosome-reacted in each sample, according to the criteria of Saacke and Marshall [28] .
Ca 2ϩ Imaging
Sperm (5 ϫ 10 6 /ml) were loaded at 39ЊC in the dark for 40 min with cell-permeable fluo-3FF/AM (5 M in the presence of 0.05% Pluronic F-127, diluted in TALP). Extracellular dye was removed by centrifugation for 10 min at 170 ϫ g. Sperm were resuspended in medium and incubated for an additional 20 min at 39ЊC to allow de-esterification of the fluo-3FF/ AM to its Ca 2ϩ -senstive form fluo-3FF. Dye-loaded sperm were allowed to attach to the glass by their heads in BSA-free TALP in a warm coverslip chamber (PDMI-2 Micro-Incubator, Medical Systems Corp., Greenvale, NY). Ca 2ϩ -dependent changes in fluorescence intensity of fluo3-FF were detected with an epifluorescence microscope using an oil immersion 100ϫ Fluar objective (n.a. 1.3, Carl Zeiss Inc.). Stroboscopic illumination was provided by a 75 W xenon arc flash lamp. Light passed through an excitation filter D480/30, a dichroic mirror 505DCLP, and emission filter D530/40 (Chroma Technology Corp., Brattleboro, VT) to a Dage Gen II image intensifier coupled to a Dage CCD 72 video camera. Synchronization of strobe, camera, and image digitization by an Epix Silicon Video Mux board (Northbrook, IL) was controlled by software provided by Elektron Systems (St. Petersburg, FL) and modified by S. Varosi [16] . Consecutive images were digitized at a rate of 2 images/sec. Images were pseudocolored using IPLab spectrum (Signal Analytics, Vienna, VA).
FIG. 2. Dose response of thapsigargin-induced hyperactivation (n ϭ 4 bulls)
. Sperm were incubated in TALP alone (uncapacitated, ᭡) or capacitating medium (capacitated, ⅷ) for 2.5 h before thapsigargin treatment. Thapsigargin (0-20 M) induced hyperactivation in a dose-dependent manner in both uncapacitated (R 2 ϭ 0.54; P ϭ 0.001) and capacitated (R 2 ϭ 0.71; P Ͻ 0.001) sperm; however, capacitated sperm responded better than uncapacitated sperm (P Ͻ 0.05).
Indirect Immunofluorescence Labeling
Washed ejaculated bull sperm or caudal epididymal hamster sperm were fixed with 1% formaldehyde at room temperature for 15 min. The action of formaldehyde was stopped by adding 0.2 M glycine. Fixative and glycine were discarded after centrifuging the sperm at 500 ϫ g for 10 min. The sperm pellet was resuspended in PBS, then 10 l of sperm suspension were dried down in each well of a Teflon-coated slide (Electron Microscopy Sciences). After rinsing the slides with PBS, 10 l of 0.1% Triton X-100 were added to each well to permeabilize the sperm membranes for 15 min. Slides were then rinsed and treated with 3% BSA in PBS for 30 min to block nonspecific binding. For IP 3 R localization, the permeabilized sperm were probed with affinity-purified polyclonal rabbit antibody, produced against a synthetic peptide consisting of the 15 Cterminal amino acids of rabbit brain type I IP 3 R, kindly provided by Drs. R.A. Fissore and J.B. Parys [29] . Controls were incubated with preimmune serum or normal rabbit serum. Antibody binding was visualized using fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin (Ig) G (Sigma-Aldrich). To detect RyR, permeabilized bull sperm were probed with either BODIPY FL-X ryanodine or monoclonal antiRyR antibody (clone 34C; Sigma-Aldrich) and the labeling was visualized by tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat antimouse IgG (Sigma-Aldrich). Images were acquired through a SPOT color digital camera (Diagnostic Instruments Inc., Sterling Heights, MI).
Transmission Electron Microscopy
Washed ejaculated sperm were adjusted to 5 ϫ 10 6 sperm per 1.8-ml microfuge tube, then centrifuged at 4000 ϫ g for 2 min to obtain a pellet. The pellet was fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer and processed as a tissue block, postfixed with 1% OsO 4 , and dehydrated through a graded series of ethanol solutions to 100% acetone. Sperm pellets were embedded in Spurr embedding medium. Thin sections (ϳ80 nm) were cut on a Reichert ultramicrotome and stained with uranyl acetate and lead citrate. All specimens were examined in a Zeiss 902 transmission electron microscope (Carl Zeiss Inc.) at 80 kV.
Scanning Electron Microscopy
Washed ejaculated sperm were fixed with 0.1 M cacodylate buffered 1% OsO 4 at 4ЊC for 1 h, then macerated with 0.1 M cacodylate buffered 0.1% OsO 4 at 20ЊC for 18 h to wash out cytoplasmic protein structures [30] . Conductive staining was carried out by immersion of specimens in 2% tannic acid for 2 h, followed by 1% OsO 4 for 1 h, 2% tannic acid for 12 h, and finally immersed in 1% OsO 4 for 1 h. The specimens were dehydrated through a graded series of ethanol solutions and critical pointdried with a Balzer critical point dryer (Technotrade International, Manchester, NH). Specimens were mounted on aluminum stubs, sputter-coated with Au-Pd, and examined using a Hitachi S-4500 field emission scanning electron microscope (Hitachi, Tokyo, Japan).
Statistical Analysis
All data are expressed as means Ϯ SEM. The data were analyzed using Minitab statistical software (Minitab Inc., State College, PA). ANOVA followed by Tukey pairwise comparisons were used to assess differences among treatment groups. Dose dependence of responses to pharmacological agents was tested using linear regression. Values were considered significantly different when P Ͻ 0.05 in a two-tailed test. Sperm samples from at least three different bulls were used for each set of experiments.
RESULTS
Pharmacological Evidence for a Role of Ca 2ϩ Stores in Regulating Hyperactivation
All three pharmacological agents, thapsigargin, caffeine, and thimerosal, immediately induced hyperactivated motility in bull sperm (Fig. 1) . The responses were observed to occur within 1 sec when sperm were put in an open chamber that allowed monitoring of sperm motility right after addition of the agents. Sperm treated with thapsigargin, caffeine, and thimerosal all displayed an increased flagellar bend amplitude and asymmetry, resulting in circular trajectories (Fig. 1B) at low concentrations to vigorous ''figure-8'' trajectories ( Fig. 1C) at high concentrations. Both swimming patterns (Fig. 1 , B and C) were categorized as hyperactivated motility. Control sperm treated with vehicle alone showed the typical swimming pattern of untreated ejaculated sperm, with symmetrical, low-amplitude flagellar bends and linear trajectories.
Thapsigargin is a potent Ca 2ϩ -ATPase inhibitor that depletes intracellular Ca 2ϩ stores and thereby increases cytoplasmic Ca 2ϩ [24] . Hyperactivation was stimulated by thapsigargin in both uncapacitated and capacitated sperm in a dose-dependent manner (Fig. 2) ; however, a significant increase of hyperactivation was induced by thapsigargin when sperm were capacitated for 2.5 h with IBMX/dbcAMP before treatment ( Fig. 2; Fig. 3 ; P ϭ 0.48). The ability of thapsigargin to induce hyperactivation when external Ca 2ϩ was unavailable suggests that release of Ca 2ϩ from an intracellular Ca 2ϩ store alone is sufficient to initiate hyperactivation.
Caffeine is the most widely used pharmacological agent for inducing intracellular Ca 2ϩ release from RyR [31] , whereas thimerosal has been shown to release Ca 2ϩ from both IP 3 R and RyR [32, 33] . Both caffeine and thimerosal stimulated hyperactivated motility in a dose-dependent manner, regardless of whether the sperm were incubated in TALP alone or in TALP with 100 M IBMX and 1 mM db-cAMP to capacitate them (Fig. 4) . Caffeine (2 mM) and 25 M thimerosal were sufficient to significantly induce hyperactivation ( Fig. 5 ; P Ͻ 0.001). The responses between capacitated and uncapacitated sperm were not significantly different (P Ͼ 0.3), indicating that capacitation is not a prerequisite for hyperactivation in these cases. When extracellular Ca 2ϩ was buffered below 50 nM by the Ca 2ϩ chelator BAPTA to prevent external Ca 2ϩ entry, the response to caffeine was significantly reduced (Fig. 6A) ; however, the response to thimerosal was not affected (Fig. 6B) .
The effects of these pharmacological agents on sperm intracellular Ca 2ϩ were studied using the fluorescent Ca 2ϩ 
FIG. 4. Dose response of caffeine-induced hyperactivation (A) and thimerosal-induced hyperactivation (B) (n ϭ 3 bulls)
. Sperm were resuspended in TALP alone (uncapacitated, ᭡) or capacitating medium (capacitated, ⅷ) after washing. Caffeine (0-10 mM) induced hyperactivation in a dose-dependent manner in uncapacitated (R 2 ϭ 0.81; P Ͻ 0.001) and capacitated (R 2 ϭ 0.83; P Ͻ 0.001) sperm. Similarly, thimerosal (0-100 M) induced hyperactivation in a dose-dependent manner in both uncapacitated (R 2 ϭ 0.79; P Ͻ 0.001) and capacitated (R 2 ϭ 0.78; P Ͻ 0.001) sperm. No differences were found between uncapacitated and capacitated sperm (A, P ϭ 0.20; B, P ϭ 0.55).
indicator fluo-3FF. In consecutive images taken from the same sperm cell before and after treatment, an increase of fluorescence intensity was observed immediately after addition of 10 M thapsigargin (Fig. 7A) , 100 M thimerosal (Fig. 7B) , or 2 mM caffeine (Fig. 7C) . The requirement of extracellular Ca 2ϩ was observed only when cells were treated with caffeine. The increase of Ca 2ϩ was first detected in the neck region of sperm. Addition of TALP alone did not cause an increase in fluorescence intensity (Fig. 7D) .
It is well known that the acrosome reaction is also mediated by an increase in intracellular free Ca 2ϩ ; therefore, we examined the effects of these agents on acrosomes to make sure that the acrosome reaction was not a complicating factor for the results. Acrosomal status was evaluated after addition of pharmacological agents. Sperm with heads that showed a distinct apical ridge were considered intact (Fig. 8A) , whereas sperm missing the apical ridge or showing a prominent equatorial segment were considered acrosome-reacted (Fig. 8B) [28] . More than 90% of sperm remained acrosome-intact after thimerosal and caffeine treatments, more than 80% remained acrosome intact after thapsigargin treatment, and no difference was found between treatment groups and controls (Fig. 8) . Some sperm sam-
FIG. 6. Effects of extracellular Ca
2ϩ on caffeine-induced hyperactivation (A) and thimerosal-induced hyperactivation (B) (n ϭ 4 bulls). Extracellular Ca 2ϩ was buffered by BAPTA to less than 50 nM before treatments. When capacitated sperm were treated with 2 mM caffeine, hyperactivation was significantly increased only when external Ca 2ϩ was available (P Ͻ 0.0001). The response to thimerosal (25 M) was not affected when external Ca 2ϩ was buffered by BAPTA (P ϭ 0.863). Bars labeled with different letters indicate significant differences between treatments (P Ͻ 0.05).
ples were incubated with either 25 M thimerosal or 2 mM caffeine for 30 min before evaluation, and no significant induction of acrosome reaction was detected (data not shown). It should be noted that in separate experiments, more than 70% of sperm incubated with IBMX and dbcAMP to induce capacitation were acrosome-reacted by the addition of LPC, indicating that these sperm were capacitated.
Evidence of a Unique Intracellular Ca 2ϩ Store Located in the Neck Region of Sperm
Indirect immunofluorescence labeling using a polyclonal antibody specific to type I IP 3 R showed high densities of IP 3 R localized in the acrosome and the neck region of bull sperm (Fig. 9, A and B ) and hamster sperm (Fig. 9E) . These areas were not labeled by preimmune serum (Fig. 9 , C and D) or normal rabbit serum (Fig. 9F) . Both monoclonal antiRyR antibody and BODIPY FL-X ryanodine were used to look for RyR in bull sperm. No labeling was found using anti-RyR antibody (Fig. 9, G and H) , whereas BODIPY FL-X ryanodine (10 nM-1 M) showed nonspecific labeling along the midpiece (Fig. 9I) , which could not be blocked by applying 10-fold unlabeled ryanodine (Fig. 9J) [34] .
The ultrastructure of the neck region of bull sperm was examined in thin sections. The RNE was located in the neck region and consisted of layers of membrane continuous with the nuclear envelope covering the condensed sperm nucleus (Fig. 10A) . The RNE was closely associated with irregularly shaped mitochondria, which usually appeared as long tubular structures oriented lengthwise that extended into the neck. The three-dimensional structure of these irregularly shaped mitochondria could be clearly appreciated under the scanning electron microscope of a specimen with the plasma membrane removed (Fig. 10B) . The mitochondria closest to the head were uncoiled from the rest of the helical mitochondrial sheath surrounding the axoneme.
DISCUSSION
The data presented here provide the first evidence that hyperactivated motility may be regulated by an IP 3 R-gated intracellular Ca 2ϩ store in the neck region of bull sperm. Our primary objective was to investigate the mechanisms regulating hyperactivated motility, especially to understand the source that provides Ca 2ϩ to the axoneme in the core of the flagellum. The fact that thapsigargin was able to induce hyperactivation when external Ca 2ϩ was unavailable indicates that the release of intracellular Ca 2ϩ from a store is sufficient to switch on hyperactivation. Thapsigargin increases intracellular Ca 2ϩ by inhibiting Ca 2ϩ -ATPase, which is present in the membranes of both IP 3 R-and RyRgated stores [24] . The function of both IP 3 R and RyR can be modulated by a variety of agents [35] . The most specific agonist for IP 3 R and RyR are inositol 1,4,5-trisphosphate (IP 3 ) and ryanodine, respectively; however, these agents are not cell permeable. In order to study sperm motility, cellpermeable thimerosal and caffeine were used to understand which type of Ca 2ϩ store (IP 3 R-gated, RyR-gated, or both) is involved in this process.
The most widely used pharmacological tool for inducing intracellular Ca 2ϩ release by activation of RyR is caffeine [31] . Caffeine has also been found to activate Ca 2ϩ -permeable cation channels in the plasma membrane to increase intracellular Ca 2ϩ [36, 37] . Although caffeine was able to induce hyperactivation in bull sperm, localization experiments indicated that RyR is not present in mature bull sperm. Type 1 and type 3 RyR have been identified in murine testis and in purified populations of spermatocytes and spermatids [38, 39] , but only type 3 RyR has been localized in mature mouse sperm [39] . However, type 3 RyR is not sensitive to caffeine [40] . Furthermore, epididymal sperm from a type 3 RyR knockout mouse (provided by Drs. M. Kotlikoff and M. Rishniw, Cornell University) were induced to hyperactivate, indicating that type 3 RyR is not required for switching on hyperactivation (unpublished data). The fact that caffeine could induce hyperactivation only in the presence of extracellular Ca 2ϩ indicates that caffeine was probably activating external Ca 2ϩ influx pathways instead of releasing Ca 2ϩ from RyR stores to induce hyperactivation. Caffeine also produced a different pattern of Ca 2ϩ increase in some sperm: Ca 2ϩ increase was seen to spread from the neck into the postacrosomal region as well as down the midpiece.
It is well established that initiation of motility in quiescent sperm is coupled with a rise in intracellular cAMP [41, 42] . However, no difference in the percentage of hyperactivated sperm was detected between sperm incubated in TALP alone and those incubated in TALP ϩ db-cAMP ϩ the phosphodiesterase inhibitor IBMX. This indicates that cAMP does not play a role in either caffeine-induced or thimerosal-induced hyperactivation. The immediate re- sponse of sperm to caffeine could result from its ability to increase intracellular Ca 2ϩ , rather than its enzymatic activity as a phosphodiesterase inhibitor.
Thimerosal is a sulfhydryl reagent that is able to induce Ca 2ϩ release from both IP 3 R-and RyR-gated stores [32, 33] . In contrast to caffeine, thimerosal was able to induce hyperactivation when external Ca 2ϩ was buffered below the sperm resting Ca 2ϩ level by BAPTA. This suggests that thimerosal was working on an intracellular Ca 2ϩ store to increase cytoplasmic Ca 2ϩ . Thimerosal must have been activating IP 3 R rather than RyR, because no RyR was detected in bull sperm. Indirect immunofluorescence localized type I IP 3 R to the acrosome and the neck region of bull sperm and hamster sperm. Walensky and Snyder [43] found similar labeling patterns in rat sperm with antibodies to IP 3 R.
Thapsigargin has been shown to induce acrosome reactions in several species by increasing intracellular Ca 2ϩ [44] [45] [46] . However, we did not find a significant induction of acrosome reactions by any of the pharmacological agents tested during the period of our assay. We had specifically developed our protocols for inducing hyperactivation rather than the acrosome reaction. We assessed acrosome reactions immediately after treatments, because hyperactivation was induced immediately; however, examination of sperm 30 min after treatment with thimerosal and caffeine did not reveal significant numbers of acrosome-reacted sperm. We used DIC optics to evaluate acrosomal status in live cells [28] without prolonged procedures used to fix and stain sperm, which might cause acrosome deterioration. Because the acrosome reaction was not significantly increased when hyperactivation was induced by pharmacological agents, it is unlikely that the acrosomal store was involved in inducing hyperactivation in our studies. In addition, external Ca 2ϩ entry is required to trigger the acrosome reaction in sperm [44] [45] [46] [47] [48] , but hyperactivation was induced in our experiments when external Ca 2ϩ was not available. Based on studies of sperm stripped of membranes and mitochondria by Triton X-100, the crucial site for the action of Ca 2ϩ on hyperactivation appears to be the flagellar axoneme [19] . Ca 2ϩ ions diffuse slowly and are buffered quickly in cytosol [49] ; however, hyperactivation was induced immediately in our studies by thapsigargin, thimerosal, and caffeine. Thus it is unlikely that Ca 2ϩ reached the axoneme by diffusing through the cytoplasm from the acrosome.
Unlike the other two agents, thapsigargin produced more hyperactivation when sperm were preincubated in capacitating medium. This could be due to the loss of coating proteins that is known to occur during capacitation. Unlike thimerosal and caffeine, thapsigargin is lipophilic. Loss of extrinsic, membrane-coating proteins during capacitation could have provided better access for thapsigargin to the lipid bilayer of the plasma membrane and then to the cell's interior.
The intracellular Ca 2ϩ source for hyperactivation must be in the neck of the sperm, where a spot of IP 3 R was localized. High total calcium was detected in the neck region of human sperm by x-ray microanalysis [50] , suggesting the possibility of a localized Ca 2ϩ store. The flagellar beat initiates at the base of the flagellum, where the IP 3 R was localized. It is here in hamster sperm that we have detected Ca 2ϩ oscillations at the frequency of the flagellar beat [16, 17] ; and it was the first place showing increased Ca 2ϩ after addition of pharmacological agents in the present study (Fig. 7) . Calsequestrin, which serves to sequester Ca 2ϩ in the sarcoplasmic reticulum, has been localized to this region in human sperm by indirect immunofluorescence labeling [51] . In addition, a high concentration of calmodulin, which has also been detected in the base of the flagellum in several species [52, 53] , could respond to Ca 2ϩ release from the IP 3 R-gated store and regulate sperm motility.
Ca 2ϩ stores are membrane-bounded organelles, such as endoplasmic and sarcoplasmic reticula. The only two membrane-bounded organelles found in the neck region of the bull sperm were the RNE and mitochondria. The most likely of these to serve as a Ca 2ϩ store is the RNE. The RNE evolves during spermiogenesis as the result of chromatin condensation in the nucleus. Unlike organelles that are useless to mature sperm, the RNE is not shed during sperm maturation, but rather is packaged into the neck region. It was named the ''redundant nuclear envelope,'' because it was believed to be merely leftover membranes. However, the RNE appears to be widespread in mammalian sperm, having been seen in mice [54] , hamsters [6] , monkeys [55] , bats [56] , bulls [57] , and humans [58] . Why would sperm keep this material when other useless material is so thoroughly discarded? There is physiological evidence that nuclear envelopes serve as Ca 2ϩ stores in other cells. Nuclear envelopes in hepatocytes release Ca 2ϩ in response to IP 3 [59] , while those in starfish oocytes release Ca 2ϩ in response to IP 3 and ryanodine [60] . Therefore, it is possible that the RNE in the neck region of mammalian sperm could serve as a Ca 2ϩ store and may be involved in regulating sperm motility. It is interesting that the RNE is distributed asymmetrically around the flagellar base and may thus be able to release more Ca 2ϩ to one side of the axoneme where it is needed to produce asymmetrical flagellar beats.
The only other membrane-bounded organelles in the region are the mitochondria. In the bull sperm that we examined by transmission electron microscopy, the mitochondria in the proximal midpiece extended into the neck region. These mitochondria were morphologically distinct from the rest of the mitochondria coiled around the midpiece. It is possible that these mitochondria are specialized for Ca 2ϩ storage. Nevertheless, IP 3 R have never been reported to exist in mitochondria; therefore, the RNE is a better candidate for the Ca 2ϩ store.
Capacitation is an incompletely understood sequence of events that prepares sperm for fertilization; more specifically, to undergo the acrosome reaction [6] . Hyperactivation has sometimes been described as a subset of capacitation, because it often occurs in vitro at some point during the capacitation process. It could be possible that loss or alteration of the surface coat of the plasma membrane in the base of the sperm tail during capacitation exposes or activates putative receptors to turn on hyperactivation. Thapsigargin induced a higher percentage of hyperactivation when sperm were capacitated; thus, it could be that thapsigargin had better access into sperm cells after loss of the surface coat. Nevertheless, hyperactivation and capacitation are not inexorably linked. Hamster sperm can be fully capacitated without becoming fully hyperactivated by lowering the bicarbonate concentration in medium [8] . Also, DeMott et al. [61] used modified concentrations of energy substrates and BSA in medium to collect at least 70% hyperactivated hamster sperm an hour or more before the completion of capacitation. The ability for caffeine and thimerosal to induce hyperactivation without the need of capacitation also implies that the pathways to hyperactivation and capacitation are different or that these agents can bypass the initial steps of the pathways.
These results underscored the fact that sperm cells are highly compartmentalized. The IP 3 R-gated Ca 2ϩ store at the base of flagellum can regulate hyperactivated motility independently from the acrosomal Ca 2ϩ store, which induces exocytosis. Acrosomal exocytosis requires extracellular Ca 2ϩ , with zona binding initiating a signaling cascade that leads to Ca 2ϩ influx [48] . In contrast to the acrosome reaction, little is known about the pathway leading to the Ca 2ϩ rise at the axoneme during hyperactivation. We propose that the release of Ca 2ϩ from the IP 3 R-gated Ca 2ϩ store in the neck region raises Ca 2ϩ at the axoneme. This proposal is also supported by the findings that Ca 2ϩ reaches two different elevated levels in sperm, first with the achievement of hyperactivation, and second with completion of the acrosome reaction [17] .
In conclusion, we found that pharmacological agents known to release Ca 2ϩ from internal stores immediately induced hyperactivation. Release of Ca 2ϩ from internal Ca 2ϩ stores was sufficient to initiate hyperactivation, and the rise of Ca 2ϩ was initiated in the neck region of sperm. The presence of IP 3 R, but not RyR, in mature sperm at the site of flagellar beat initiation indicates the involvement of an IP 3 R-gated store in regulating hyperactivation. The distinct regional expression of IP 3 R in the neck region confers anatomical and physiological advantages to regulate hyperactivated motility in sperm. The most likely identity of the flagellar Ca 2ϩ store is the RNE, which surrounds the axoneme at the base of the flagellum.
